Introduction
Zirconium oxide (ZrO 2 ) fi lms have attracted immense attention as an important ceramic material because of their superior chemical, mechanical, and optical properties. They have high chemical stability, hardness among those of steel and other alloys [1] , dielectric constant among the highest for metallic oxides [2] , low absorption of light and high index of refraction [3] . These fi lms have been exploited for a broad range of applications from thermal-barrier coatings [4] , wear resistance coatings [5] , protective coating for optical mirrors and fi lters [3] , high temperature fuel cells [6] , oxygen detectors [6] to catalyst supports [7] . The objective of our present work is the development of biocompatible transparent coating for biomedical and tissue engineering applications [8, 9] .
Zirconium oxide exhibits different structural polymorphs [10] . The most common ones are monoclinic, tetragonal and cubic phases. The tetragonal phase (P4 2 /nmc) has been the preferred material for wear and mechanical applications because it has high fracture resistance. The cubic phase (Fm3m) is a diamond simulant because of its high refractive index. Nevertheless, pure ZrO 2 is not stable in the cubic phase or tetragonal phase at room temperature. Addition of trivalent dopants and oversized/undersized tetravalent dopants into ZrO 2 is known to stabilize these metastable phases by creating oxygen vacancies to energetically favor such structures. Cubic phase ZrO 2 is mostly produced by the addition of up to 20% trivalent stabilizer oxides such as yttria or ceria [11] . However, the mechanical properties of such ZrO 2 material deteriorate with large concentrations of stabilizing oxides [12] . While calcia-stabilized single-phase cubic ZrO 2 fi lms have been reported by sputtering at high temperatures above 400 °C [13] , fabrication of pure cubic ZrO 2 transparent hard fi lms have not yet been demonstrated at room temperature.
Another mechanism to stabilize cubic ZrO 2 is to exploit the size effect to generate nanocrystalline cubic ZrO 2 with an average grain size of 15 nm, mostly in powder form, by sol-gel, ball milling, spray pyrolysis and other techniques [14] [15] [16] [17] . Tetragonal phase of ZrO 2 powder has also been reported in the nanocrystalline phase with larger particle sizes [18] [19] [20] . Thermal stability studies of metastable tetragonal phase ZrO 2 synthesized via the sol-gel method report that these materials revert to monoclinic phase upon heating above 300 °C [21] or even above 400 °C [22] . Further study suggests that the thermal stability of these fi lms depends strongly on the fi lm thickness, with thicker and denser fi lms being more thermally stable [23] . Nonetheless, it is problematic and impractical to produce adherent hard protective coating utilizing ceramic powders for load bearing applications.
Ion beam assisted deposition (IBAD) combines evaporation with concurrent ion beam bombardment in an ultrahigh vacuum environment [24] at a vacuum base pressure of 10 -8 Torr. By examining different deposition conditions, such as ion to atom (arrival) ratios, ion energies and substrate temperatures for the IBAD process, the size of the nanocrystallites and the possibility to create vacancies in the crystallites can be controlled to produce metastable fi lms without chemical stabilizers. Optimization of the ion bombardment conditions can also modulate the morphology, density, stress level, crystallinity, and chemical composition of the as-produced fi lms with excellent adhesion to the substrates. IBAD has been previously applied and studied for ZrO 2 fi lm deposition [25, 26] using argon ions in the kiloelectronvolt energy range which resulted apparently in non-stoichiometric opaque zirconia. We have also observed similar results in our laboratory when only Ar ions, especially with high energy ions and high current density, were used to fabricate ZrO 2 fi lms. Furthermore, bombardment of material with kiloelectronvolt energy range ions often resulted in accumulation of projectiles such as argon [25, 26] and even formation of nitrogen bubbles [27] or solid krypton [28] .
In this paper, we report the growth and thermal stability of nanostructurally stabilized (NSZ) ZrO 2 transparent fi lms free of chemical stabilizers by IBAD with low energy ion beams (0-600 eV) using both RF and DC plasma ion sources. The measured nanohardness values of these fi lms are similar to that of the calculated values for cubic phase ZrO 2 . Rutherford backscattering spectroscopy (RBS) study and detailed x-ray and electron diffraction analysis of our NSZ fi lms indicate the formation of stoichiometric cubic phase ZrO 2 .
Experimental details
We designed and fabricated chemical stabilizer-free ZrO 2 nanocrystalline fi lms by the IBAD technique. Our IBAD system is comprised of a Veeco 12 cm RF ion gun that supplies ions at energies up to 1500 eV with a total current density of 500 mA which provides a broad uniform ion beam of oxygen, nitrogen and argon, a DC ion gun with an ion density of 3 A at energies up to 150 eV, a thermal evaporation source and a programmable sweep multi-pocket for electron beam evaporation source. All depositions were performed in an ultra-clean vacuum system with a base pressure at 10 -8 Torr with a working pressure of 10 -4 -10 -5 Torr. Nanocrystalline fi lms of ZrO 2 were prepared by electron beam evaporation of 99.7% pure monoclinic ZrO 2 (Alfa Aesar, lot # C01P41) at a rate of 0.5-2 Å s -1 onto silicon wafers, glass, quartz, grafoil, stainless steel, cobalt, chromium, and ultra-high molecular weight polyethylene (UHMPE) substrates. The ion species (mainly oxygen with a mixture of argon and nitrogen) were used to control the chemical and physical properties of the fi lms. The presence of the small percentage of noble gases such as argon helps operation, stability and performance of our ion guns for obtaining the oxygen beam. Furthermore, backfi ll of ultra-pure oxygen was utilized to ensure formation of stoichiometric ZrO 2 . Ion energy (0-600 eV) and ion current density (0-500 μA cm -2 ) were optimized to produce ZrO 2 fi lms with specifi c nanostructures. For mechanical testing of these fi lms on metallic substrates, we created a gradual transition between the substrates and the deposited fi lms with less built-in stress and thus a much more durable adhesion to the substrate than other techniques. All substrates were cleaned by an in situ argon ion beam with energy 300 eV for 15 min before deposition. Over 50 deposits under different deposition conditions were carried out to produce transparent stoichiometric ZrO 2 fi lms with high hardness. ZrO 2 fi lms without ion bombardment were also produced as controls. A control tetragonal ZrO 2 sample was obtained by breaking off a very small piece from a medical device made of medical-grade chemically stabilized tetragonal ZrO 2 .
Rutherford backscattering spectroscopy (RBS) with a 2.275 MeV He 2+ beam was applied to analyze the chemical composition of ZrO 2 fi lms deposited onto silicon, and occasionally grafoil, substrates. The uncertainties of the RBS measurements indicated by our commercial RBS analytical service, Charles Evans Associates, are about 1 at.% for zirconium concentration and about 4 at.% for oxygen concentration. The detection limit for argon is about 0.1 at.%. The surface morphology and crystal structure of the ZrO 2 fi lms were characterized by atomic force microscopy (AFM, multi-mode Nanoscope IIIa), transmission electron microscopy (TEM, JEOL 2010 operated at 200 kV) and x-ray diffractometry (XRD, Bruker AXS D8 Discover with GADDS area detector and Rigaku D/Max-B xray diffractometer with a conventional copper target x-ray tube set to 40 kV and 30 mA; the weighted average wavelength of the Cu Kα avg. = 1.5417 Å). TEM cross-section samples were prepared by the dimpling process and argon ion milling from the back surface. XRD data peak fi tting was performed using TOPAS (Bruker AXS, 2004), a whole powder pattern fi tting program, with the fundamental parameters' approach. The hardness and bulk moduli of the fi lms were measured by an ultra-low depth sensing nanoindenter [29, 30] . A thermal stability study of ZrO 2 fi lms was performed by annealing these samples in a tube furnace open to air for 1 h and 10 h at temperatures of 300, 500, 600, 700, 800, 850, 900, and 1000 °C.
Results and discussion
A typical AFM image of as-produced IBAD nanocrystalline ZrO 2 fi lms reveals a nanogranular surface morphology with roughness of about 9 nm (fi gure 1). Bright-fi eld TEM image (fi gure 2(b)) and dark-fi eld TEM image (data not shown) of a typical ZrO 2 fi lm produced by a 500 eV ion beam confi rmed the presence of crystallites with average diameters of 7.5 ± 2.3 nm (diameter range: 4-15 nm). Selected-area electron diffraction patterns of the sample also imply the possible formation of a randomly oriented cubic structure with proper indexes (fi gure 2(a)).
The XRD spectra of the NSZ samples were compared to XRD spectra for a chemically stabilized orthopedic grade of (known) tetragonal phase zirconia as well as ICDD PDF cards [20] representing powder patterns of three polymorphs of ZrO 2 : monoclinic (PDF# 37-1484), tetragonal (PDF# 811544), and cubic (PDF# 49-1642). The peak positions for the spectra of the samples match the corresponding ones for cubic and tetragonal phases within the resolution of the data. We attempted to distinguish the phase identity of the sample by fi tting the spectra to extract the experimental lattice parameter(s) (fi gure 2(c)). The obtained experimental lattice parameter of 5.12 Å is in good agreement with the theoretical value of the bulk cubic phase (5.10 Å), while the corresponding fi tted volumes of tetragonal and monoclinic phases are larger by about 4% and 10%, respectively. This result signifi cantly contrasts the coexistence of different ZrO 2 phases indicated in the XRD spectrum of fi lms prepared by solely e-beam evaporation in our control study (data not shown).
Recently, Lamas et al [20] pointed out that the tetragonal phase identity of ZrO 2 nanocrystallites can be verifi ed by observing the splitting of the (400) line of the fl uorite-like ZrO 2 structure into (004) and (400) lines of the tetragonal phase with more than one degree of separation in their XRD studies. Moreover, the intensity of the (112) Bragg peak should disappear for the cubic phase, but not for the tetragonal phase ZrO 2 . While no (112) Bragg peak (expected at around 43°) is found in the XRD data of the NSZ samples, to further prove the cubic phase identity of our samples, we examined the (400) line region in greater detail for our NSZ sample and compared it to that of a medical-grade chemically stabilized tetragonal ZrO 2 sample. In fi gure 2(d), the XRD spectrum of the tetragonal ZrO 2 clearly shows the splitting of the (400) line into (004) and (400) lines at ca. 73.2° and 74.5° with an intensity ratio of about 1:2. However, the XRD spectrum of the NSZ sample shows only one (400) Bragg peak at ca. 74.3°. Moreover, the almost-symmetric shape of this Bragg peak suggests that it is unlikely to be a merged peak from the (004) and (400) lines of the tetragonal phase due to the line broadening effect caused by the small crystallite size of the NSZ sample. Hence, both the absence of the (112) Bragg peak and the appearance of a single (400) Bragg peak in the XRD data additionally support the formation of the cubic phase in the NSZ sample. Figure 3 shows the 2.275 MeV He 2+ RBS spectra of an asdeposited ZrO 2 fi lm by the IBAD process using ion beam and backfi ll oxygen gas and the fi tted theoretical model. During the RBS, samples were kept perpendicular to the incident ion beam and helium backscattering was observed at 160° . Based on the code used by Charles Evans Associates, the composition of the deposited layer was found to be the same as stoichiometric ZrO 2 . Formation of stoichiometric ZrO 2 is not surprising because of our usage of oxygen energetic ions and backfi ll oxygen gas during deposition as well as the high heat of formation of ZrO 2 [31] . During the deposition of ZrO 2 , oxygen and argon gas with ratios of 2/1 to 4/1 were used to facilitate plasma formation in the RF or DC plasma ion guns and to increase the current density which was required for our large target area (50 cm diameter). Since the energy of the ion beam was about only a few hundred electronvolts, there was very little chance for argon atoms to be trapped in the deposited fi lms. No argon signals were even observed in the RBS spectra of as-deposited ZrO 2 fi lms on grafoil (carbon) substrates. This is in contrast to the previously reported RBS measurements of ZrO 2 fi lms made by IBAD [26] or the ion beam mixing process [25] with 10-150 keV Ar beam where the presence of argon can be easily found in their depth profi le data.
Nanoindentation measurements [29, 30] of the NSZ fi lms with thicknesses of 1,000 nm on silicon substrates for 50 mN load yield a displacement of about 420 nm, a hardness value of 14 ± 1 GPa and an elastic modulus of 239 ± 12 GPa. However, a load of 5 mN yields a displacement of about 124 nm, a hardness of 16 ± 1.7 and an elastic modulus of 223 ± 15 GPa (see fi gure 4 for details). A slight variation of nanohardness measurement is related to the effect of fi lm thickness and substrate [29, 30] . The measured nanohardness of our NSZ fi lms is comparable to the reported microhardness values (9-22 GPa) of sputter-deposited calcia-stabilized ZrO 2 fi lms on silicon wafers at different deposition temperatures [13] .
Using a projector augmented wave fi rst-principle method (included in VASP (Vienna ab initio simulation program) package) [32] , we calculated the bulk modulus of cubic phase ZrO 2 to be 237 GPa which is considerably larger than the bulk modulus of monoclinic (155 GPa) and tetragonal phases (189 GPa). Thus, the measured bulk modulus of the NSZ fi lms (223-239 GPa) is in extremely good agreement with the calculated bulk value for cubic phase, but not for tetragonal phase. This agreement of experimental and calculated values further implies the possible identity of the NSZ fi lms to be of cubic phase.
Thermal annealing of the NSZ samples leads to an increase in the coalescence of grains and transformation of the fi lm atomic structures. Topographical force microscopy images of the annealed fi lms illustrate that the average particle sizes of these fi lms are 12.2 nm, 12.5 nm, 43.9 nm, and 60.5 nm, corresponding to the annealing temperatures at room temperature, 500 °C, 850 °C, and 1000 °C, respectively (fi gure 5 and table 1). These data indicate signifi cant migration of atoms and thus changes in fi lm atomic structures at high temperatures. The cracking of these fi lms from the silicon substrates begun at temperatures ≥ 850 °C further suggests the onset of signifi cant phase transformation at 850 °C.
XRD spectra of these annealed NSZ fi lms confi rm that these fi lms retain most of their cubic phase XRD signatures up to 850 °C, which is at least 150 °C higher than the reported phase stability temperature for pure tetragonal materials made by sol-gel methods [21] [22] [23] (fi gure 6). The observed fi lm thermal stability could be attributed to densifi cation of these NSZ fi lms by the directed ion bombardments at 500 eV during the IBAD process. There is also a coexistence of monoclinic, tetragonal and cubic phases in fi lms annealed at 850-1,000 °C as revealed by x-ray diffraction. Prolonged annealing of the NSZ fi lms for 10 h was found to yield similar XRD spectra as the ones with 1 h annealing. This drastically contrasts the complete monoclinic phase transformation of ZrO 2 fi lms made without ion beam bombardment with the same annealing treatment (data not shown).
Our success to create zirconium oxide fi lms of metastable cubic phase without chemical stabilizers can be attributed to a combination of two possible mechanisms and our IBAD sample fabrication technique. First, the control of crystallite size effect has been an important means in nanofabrication for the phase stability of materials. Small crystallites are preferentially produced in the fabrication process so as to introduce high internal pressure inside the crystallites [18, 33] . According to Young's theory for spherical particles, excess pressure p inside the particle is given by p = 2γ / R ,where γ is the surface tension and R is a radius of the particle. A decrease in the size of the crystallites leads to an increase in their internal pressure and hence favors the stability of the phases of materials which would only be stable at high pressure. In our case, both bulk cubic and tetragonal ZrO 2 are stable at high pressure. Winterer et al estimated the critical ZrO 2 nanocrystallite diameter for the stabilization of the metastable tetragonal phase to be 8-12 nm, which indicates an effective internal pressure inside the crystallites to be about 2.5 GPa [34] . This size range matches the TEM data of our NSZ fi lms very well. However, in order to stabilize the cubic phase, larger internal pressures (~30 GPa) are required instead. Thus, the size effect of the crystallite cannot completely justify and explain the possible existence of cubic ZrO 2 in our NSZ fi lms and also the similarity of our measured fi lm bulk modulus to that of cubic ZrO 2 .
The second possible mechanism to stabilize metastable phases of materials is the formation of vacancies in nanostructures [35] . For our present experiments, vacancies in ZrO 2 crystallites can be induced by bombardment of directed ion beams in the IBAD process. Furthermore nanocrystalline zirconia with grain sizes less than 10 nm and with their large surface area and surface to volume ratio stabilized the cubic phase through formation of oxygen vacancies [35] , which simulate the effects of chemical trivalent stabilizers such as yttria and ceria. Probably, understanding the origin of this cubic phase is more complicated. Therefore, further investigations are in progress to defi ne all contributing factors that facilitate the formation of the cubic phase in the NSZ samples.
Conclusion
We have produced transparent hard nanocrystalline ZrO 2 fi lms by the IBAD process without the addition of any stabilizing oxide, such as calcia, yttria or ceria. Comparison of XRD data of room temperature deposited ZrO 2 with commercially known chemically stabilized tetragonal ZrO 2 and nanoindentation studies suggest that these fi lms are of cubic phase. In contrast to ZrO 2 fi lms made by sol-gel methods, these NSZ fi lms have better thermal stability, probably because of the absence of porosity due to the nature of the IBAD process. They do not revert to monoclinic phase up to 850 °C. Thus these high adherent transparent fi lms have great potential for wear resistant protective coatings and other biomedical applications [8, 9] . 
